Objectives: Long-term intravenous infusion of high-dose C-type natriuretic peptide (CNP) is known to prevent neointimal formation after vascular injury. Ultrasound (US) irradiation during microbubbles (MBs) infusion (US / MBs) has been used for local delivery of bioactive agents. We examined whether short-term infusion of CNP could also inhibit neointimal development and whether combined US / MBs treatment at the beginning of the CNP infusion could enhance its effect. Methods: In the rat carotid artery-balloon injury model, the intima / media area (I / M) ratio 14 days after injury was compared among various short-term post-injury treatments. For combined US / MBs, a commercial echocardiograph (1.8 MHz, mechanical index 1.0) and albumin-coated octafluoropropane gas MBs were used. Results: Infusion of high-dose CNP (1.0 mg / kg / min) immediately after injury for only 24 h successfully reduced the I / M ratio (0.1860.05) to 18% of the ratio in control rats (1.0060.13) that underwent only balloon injury. Although low-dose CNP (0.1 mg / kg / min for 24 h) alone was not effective in reducing the I / M ratio (0.8360.18), combined US / MBs treatment for the first 80 min of the infusion markedly reduced the I / M ratio (0.1760.07), which persisted until 28 days after injury (0.1660.04). Conclusions: The effects of CNP on the events occurring early after arterial injury may be important in preventing subsequent neointimal development. Thus, intravenous infusion of CNP with US / MBs at its initiation may provide a clinically feasible anti-restenosis therapy applicable immediately after vascular interventions.
P otentiation of C-type natriuretic peptide with ultrasound and microbubbles to prevent neointimal formation after vascular injury in rats a a , a a a * Hiroto Takeuchi , Koji Ohmori , Isao Kondo , Akira Oshita , Kaori Shinomiya , a a a b a
Yang Yu , Yuichiro Takagi , Katsufumi Mizushige , Kenji Kangawa , Masakazu Kohno 1 . Introduction therapy to prevent restenosis after non-stent angioplasty has yet been established. Neointimal hyperplasia follows injury to the arterial wall C-type natriuretic peptide (CNP), first identified in the as a result of migration and proliferation of smooth muscle porcine brain, is the third member of the family of cells (SMCs) [1, 2] and / or bone marrow-derived smoothnatriuretic peptides [5] . CNP is a secreted polypeptide muscle progenitor cells [3] . These processes lead to consisting of 22 amino acids with a ring structure formed restenosis, one of the unsolved limitations of intravascular by an intramolecular disulfide linkage and binds to interventions [1] [2] [3] . Although a sirolimus-eluting stent that guanylate cyclase-linked natriuretic peptide receptor-B inhibits the proliferation of lymphocytes and SMCs has (NPR-B) [5, 6] . In addition to their vasorelaxant and recently been shown to be promising [4] , no effective natriuretic effects, these peptides, especially CNP, can inhibit SMCs migration and proliferation through the cyclic guanosine 39,59-monophosphate (cGMP) cascade [7] [8] [9] . In fact, it has been shown that CNP increases cGMP Andover, MA, USA) was placed under the bottom of the concentrations in cultured vascular SMCs expressing NPRculture plate via a 2-cm thick acoustic coupler. US at a B in a dose dependent manner [8] and that a continuous transmission frequency of 1.8 MHz and a mechanical systemic administration of a relatively high dose of CNP index of 1.0 was applied in second harmonic mode at a prevents neointimal formation following arterial injury in frame rate of 30 Hz for 60 s immediately after adding CNP animals [10, 11] .
and / or MBs to the medium. Ultrasound penetration Previous studies have demonstrated that ultrasound through the bottom of the culture plate was confirmed by irradiation in the presence of microbubbles (US / MBs) can visualizing the suspension of MBs in a well of the plate increase cell membrane permeability, so-called 'sonoporausing the same insonation as the treatment. tion'. This has been used to enhance transfection of genes Six treatment combinations based on the presence (1) or plasmid DNA [12] [13] [14] , which subsequently produce or absence (2) of CNP, MBs and US were compared: (1) proteins, when the transfection is established with the CNP(2)MB(2)US(2); (2) CNP(2)MB(1)US(1); (3) temporary use of US / MBs. However, it remains unclear CNP(1)MB(2)US(2); (4) CNP(1)MB(1)US(2); (5) whether short-term US / MBs treatment can also enhance CNP(1)MB(2)US(1); and (6) CNP(1)MB(1)US(1). the effect of CNP, which does not require intracellular Moreover, we examined the effect of the presence of MBs delivery but demands a persistent high-dose infusion for 5 in the medium on the concentration of free CNP. A mixture days to 2 weeks after arterial injury to inhibit neointimal of MBs and CNP at the same concentrations applied to proliferation [10, 11] . In the present study, we investigated cultured SMCs was centrifuged at 1500 rpm for 3 min. whether (1) combined US / MBs treatment can augment the After removing the MBs fractions from a sample of the effect of CNP on the cGMP production in cultured mixture, the CNP concentration in the remaining sample vascular SMCs; (2) short-term CNP infusion following was measured using an enzyme-immunoassay kit (Phoenix balloon injury can also prevent neointimal formation; or Pharmaceuticals, Belmont, CA, USA). (3) combined US / MBs with CNP infusion for a clinically feasible time period potentiates its effect in the rat carotid 2 .1.2. cGMP measurement artery.
The reaction was stopped at 5, 10, 15, and 30 min after its onset by rapid aspiration and the addition of 1 ml of 5% trichloroacetic acid. After centrifugation at 12 000 rpm for 2 . Methods 5 min at 4 8C, the supernatant was collected and 1 N NaOH 250 ml was added. The cGMP concentrations were 2 .1. In vitro study then measured using a cGMP enzyme-immunoassay system (Amersham Pharmacia Biotech UK, Buckinghamshire, 2 .1.1. Preparation and treatment of cultured smooth mus-UK) [8] by a person (KS) who was blinded to the cle cells treatment condition of each sample. SMCs isolated from young Sprague-Dawley rat thoracic aortas using the standard scraping technique were grown to 2 .2. In vivo study confluence in RPMI 1640 medium containing 10% fetal calf serum, penicillin (100 mg / ml) and streptomycin (50 We designed an in vivo study employing the rat carotid mg / ml), and were maintained at 37 8C with atmospheric artery balloon injury model [19] to determine the effect of air and 5% CO [15] . These cells were identified by their short-term CNP infusion and its potentiation by US revised 1996). Human CNP-22 (Peptide Institute, Osaka, Japan) was used in this study. The amino acid sequence of CNP is 2 .2.1. Animal preparation identical in humans, pigs, and rats [5, 16, 17] . CNP was Male Sprague-Dawley rats, weighing 350-400 g, were prepared in Hanks' balanced salt solution with 20 mM used in the study. The 36 animals were anesthetized with HEPES (pH 7.0) containing 1 mM 3-isobutyl-1-methylxan intraperitoneal injection of 50 mg / kg sodium pen- care, Irvine, CA, USA) was inserted through the left iliac bles [18] was added to the solution at a final concentration artery and advanced to the left carotid artery via the aorta. 7 of 2310 microbubbles / ml. For US irradiation, an S4 After confirmation of the presence of the catheter in the transducer of the Sonos 5500 (Philips Medical Systems, common carotid artery by echography, mechanical injury in the artery was created by passing an inflated balloon were dissected, fixed, and sectioned for analysis 14 days through the lumen five times [19] . After balloon injury, the after the balloon injury. The remaining three rats in the ultra miniature pressure transducer catheter SPR-671 (Millow-dose CNP1US / MBs group were kept for an additionlar Instruments, Houston, TX, USA) was advanced into the al 14 days to assess the long-term effect of the treatment left ventricle to examine the hemodynamic effects of CNP following balloon injury and were subjected to the same infusion in three rats.
histopathological analyses at 28 days after treatment. Intimal and medial areas were measured in four consecu-2 .2.2. Hemodynamic effects of CNP after balloon injury tive sections in each vessel with a digital analysis system In the three rats in which a left ventricular catheter was using the NIH Image version 1.62 (National Institutes of inserted after balloon injury, the left ventricular pressure Health, Washington, DC, USA), and the intima / media was digitally recorded at baseline and during CNP infusion (I / M) ratio was calculated [10, 11] . Morphometric analysis at the rate of 0.1 mg / kg / min and 1.0 mg / kg / min for 5 min was performed by a person (IK) who was blinded to the each. treatment condition of each rat.
.2.3. Treatment of rats .3. Statistical analysis
The remaining 33 rats were divided into five groups with various post-injury short-term treatments as follows:
Data are expressed as mean6S.D. For comparison (1) control, balloon injury only (n56); (2) high-dose CNP, between multiple groups, one-way ANOVA with Bonferinfusion of CNP at 1.0 mg / kg / min for 24 h (n56); (3) roni's correction was used. For comparison of hemolow-dose CNP, infusion of CNP at 0.1 mg / kg / min for 24 h dynamic parameters at different infusion rates of CNP, (n56); (4) low-dose CNP1US / MBs, infusion of CNP at one-way repeated measures of ANOVA was used. Differ-0.1 mg / kg / min for 24 h begun with US / MBs treatment ences were considered significant at P,0.05. (n59); and (5) US / MBs, US / MBs treatment only (n56).
The treatment protocol is shown in Fig. 1 . Infusion of CNP was initiated immediately after balloon injury. For the US / MBs treatment, the S4 transducer was positioned 4 3 . Results cm from and perpendicular to the injured carotid artery via an acoustic coupler. US with a transmission frequency of 3 .1. In vitro study 1.8 MHz and mechanical index of 1.0 was applied at a frame rate of 30 Hz for 10 min, during which MBs (10% The cGMP level in SMCs was rapidly increased and  Optison ) was infused via the femoral vein at 0.2 ml / min peaked at 10 min after incubation with CNP. Fig. 2 6 (4310 microbubbles / min) for the first 5 min of the compares the peak cGMP levels among the various 10-min insonation. The echograms were recorded at conditions. The peak cGMP level was 2-fold higher with baseline, during, and after MBs infusion to ensure the CNP plus combined US / MBs than with CNP alone. presence of MBs in the carotid artery. The US / MBs Neither MBs nor US alone augmented the effect of CNP treatment was initiated 10 min after balloon injury and on cGMP production in SMCs. Treatment with MBs repeated 5 times at 3-min intervals. Thus the US / MBs combined with US in the absence of CNP showed no treatment was completed within the first 80 min of the effect on cGMP production. Interestingly, the addition of 24-h infusion of CNP following balloon injury.
MBs alone to CNP without US even reduced cellular cGMP as compared with CNP alone. The concentration of 2 .2.4. Morphometric analysis free CNP in the medium after the removal of MBs
27
All the rats excluding three of the nine rats in the fractions from the mixture was reduced to 0.37310 27 low-dose CNP1US / MBs group were euthanized with an mol / l (37% of the initial concentration of 1.0310 mol / overdose of sodium pentobarbital and the carotid arteries l), which may suggest that MBs may change the dis- tribution of CNP in the medium, presumably by trapping CNP on their surface. the common carotid artery (arrows) was visualized in all 3 .2. In vivo study rats that received MBs infusion during US / MBs treatment (Fig. 3B ). Table 1 summarizes the hemodynamic effects of lowdose and high-dose CNP obtained with high-fidelity re-3 .2.3. Effects on neointimal formation cordings of the left ventricular pressure. Although no Fig. 4 displays representative histological sections of the significant effects on left ventricular maximum dP/dt, left carotid artery at the injured site at 14 days ( Fig. 4A-E ) ventricular end-diastolic pressure, or heart rate were demand at 28 days (Fig. 4F ) after treatment. Neointimal onstrated, the peak systolic pressure was significantly hyperplasia at the injured site was almost completely decreased during high-dose CNP infusion.
.2.1. Hemodynamic effects of CNP after balloon injury
inhibited by high-dose CNP (Fig. 4B ) compared with the control (Fig. 4A) . Although low-dose CNP alone failed to 3 .2.2. Contrast echography of carotid artery prevent neointimal formation (Fig. 4C ), combined US / Fig. 3 
displays echograms obtained during US / MBs
MBs plus low-dose CNP successfully inhibited intimal treatment in one rat. Although no appreciable structure for thickening (Fig. 4D) . The inhibition of intimal thickening the common carotid artery was demonstrated before MBs persisted until 28 days after treatment in this group (Fig.  infusion (Fig. 3A) because of the low carrier frequency of 4F). US / MBs in the absence of CNP showed no effect on the ultrasound, a bright linear structure corresponding to neointimal formation (Fig. 4E) . 
. Discussion
The present study demonstrated that a relatively shortterm (24 h) treatment with high-dose CNP (1.0 mg / kg / min) immediately after balloon injury inhibited neointimal hyperplasia for 14 days in the rats, the extent of which was comparable to that achieved in previous studies employing a long-term (5-day [10] or 14-day [10, 11] ) continuous infusion of the same dose. Moreover, the combination of US / MBs treatment in the first 80 min of the 24-h CNP infusion augmented this effect, which persisted beyond 14 days at least until 28 days after the treatment. Thus, this study suggests a new treatment approach that employs combined US / MBs treatment and CNP infusion for a clinically feasible time period to prevent restenosis following intravascular interventions. migration and proliferation through the cGMP cascade significantly affect intimal development after balloon [7] [8] [9] . In atherosclerotic lesions, endothelial CNP proinjury [31, 32] . Therefore, the accumulation of inflammaduction is decreased [20] , whereas the CNP-specific retory cells in the adventitia might be an important source ceptor NPR-B of vascular SMCs is overexpressed [6] .
for growth factors and cytokines stimulating intimal thicArterial interventions cause endothelial injury resulting in kening after angioplasty. In addition, rapid accumulation of the loss of endothelium-derived anti-proliferative factors adhesion molecules on the luminal surface and neutrophil including CNP and nitric oxide, both of which regulate the recruitment occur after endothelial denudation [33] . Thus, intracellular cGMP levels in the arterial wall [21, 22] .
regardless of adventitial and luminal sides, infiltration of Therefore, compensation of CNP at the injured site has leukocytes plays a role in restenosis development. In this been attempted to prevent restenosis.
regard, sirolimus, which has recently been shown to In this regard, a systemic high-dose administration that prevent in-stent restenosis, blocks inflammation at the potentially affects systemic hemodynamics [23] was perangioplasty site [34] . A monoclonal antibody to ICAM-1 formed to yield a sufficient concentration of CNP at the significantly suppresses intimal hyperplasia in the rat target site for long periods [10, 11] . Other authors used an model of restenosis [35] . The blockade of the selectin X infiltrator angioplasty balloon catheter to perform adenofamily by an analogue of sialyl-Lewis [36] and the virus-mediated transfer of the CNP gene [24] . However, knock-out of P-selectin [37] can also reduce neointimal after gene transfer, the reduced local CNP concentration hyperplasia. Moreover, leukocyte depletion by either musmay not be compensated until the expression of CNP in tine or an antibody against the leukocyte common antigen the target site becomes sufficient, which may explain the has been shown to inhibit neointimal hyperplasia after lack of a difference in the degree of neointimal hyperplasia balloon angioplasty in a rabbit model [38] . between the sites with control gene transfection and those CNP derived from the CNP gene plasmid transfected to with CNP gene transfection in their study [24] . By the site of balloon angioplasty prevented the adventitial contrast, in our study, a high-dose CNP infusion for only inflammatory / proliferative response [24] . As was expected 24 h immediately after the injury was as effective in by the authors who reported the production and secretion preventing neointimal formation as the 2-week continuous of CNP by inflammatory cells [39] , our preliminary data infusion at the same rate employed in previous studies have shown that CNP has anti-inflammatory actions in- [10, 11] . Moreover, combined US / MBs treatment in the cluding the inhibition of the expression of adhesion first 80 min of the 24-h CNP infusion at a much lower molecules on neutrophils, which diminishes reperfusion infusion rate (0.1 mg / kg / min), one-tenth the previously injury in a renal ischemia / reperfusion model [40] . These reported rate [10, 11] , significantly augmented the antidata lead us to the hypothesis that CNP may exert antiproliferative effect of CNP to a level similar to that leukocyte actions when administered immediately after obtained with high-dose CNP. Furthermore, neointimal vascular injury, which may be a mechanism of inhibition formation remained inhibited until 28 days after the of the neointimal proliferation at the early phase of the treatment, after which the I / M ratio is known to barely response to the vascular injury. increase [25, 26] . This suggests that the effect of CNP in preventing neointimal proliferation may be related to the early events that occur in response to vascular injury.
4 .2. Mechanisms of enhancement of CNP by US /MB CNP has been shown to inhibit migration of stimulated SMCs [8] , which has been thought to lead to their Previous investigators successfully utilized ultrasoundproliferation and resulting in neointimal hyperplasia [27] . mediated MBs destruction to induce 'cavitation' for More recently, it has been reported that bone marrow-'sonoporation' [12] of the cell membrane to deliver genes derived smooth muscle progenitor cells mobilized to the or plasmid DNA into cells and tissues [13, 14] . The injured site can differentiate into SMCs to contribute to 'cavitation' may allow a direct 'micro-injection' [41] of subsequent neointimal development [3] . CNP may inhibit CNP into the arterial wall from the lumen side or a the migration of SMCs or their progenitor cells, both of microvascular disruption [42] at the level of the vasa which occur early after vascular injury.
vasorum, both of which may increase CNP concentration Alternative explanations for the favorable effect of in the arterial wall. In addition, the occurrence of a 'microrelatively short-term CNP administration may be related to stream' near the cell surface may increase the opportunities their possible anti-inflammatory actions. Balloon inflation for ligand-receptor contacts. In fact, US / MBs augmented induces an infiltration of inflammatory cells into the vessel cGMP production in cultured SMCs that were not in the wall, the greatest increase being seen at 24 h after injury tissue but were exposed in the medium. Moreover, our in [28] . Significant accumulation of neutrophils and macrovitro experiments demonstrated that CNP concentration in phages occurs in the adventitia in the first 24 h after the medium was reduced after removal of MBs fractions balloon injury [29] , which precedes the onset of cell from the mixture and that production of cGMP in SMCs proliferation beginning between 48 and 72 h [30] . Growth combined with both CNP and MBs in the absence of US factors or their inhibitors placed in the adventitia can was less compared with CNP alone. These results may suggest another mechanism by which MBs trap CNP 4 .5. Conclusions molecules on their surface to limit the action of CNP until the MBs are disrupted by exposure to US. This mechanism A relatively short-term intravenous infusion of CNP may be beneficial in in vivo settings, because diffusion of immediately after vascular injury can inhibit neointimal CNP or its degradation by neutral endopeptidase [43] can formation. Short-term ultrasound irradiation with mibe minimized in the systemic circulation and local release crobubble infusion at the beginning of the CNP infusion of CNP only at the insonated site may be provided.
potentiates the effect. Thus, CNP infusion combined with ultrasound and microbubbles may provide a practical and safe approach for the prevention of restenosis following 4 .3. Clinical implications intravascular interventions.
Although the precise mechanisms remain unknown, the local enhancement of the bioeffects of CNP shown in this R eferences study has several advantages. The use of CNP, an endogenous molecule, eliminates possible hazards arising from the US and MBs were combined, one-tenth of the effective
